The ciliary body contains an epithelial bilayer consisting of an outer pigmented cell layer (PE) and an inner nonpigmented cell layer (NPE) responsible for aqueous humor secretion. 
The epithelial bilayer of the ciliary body produces aqueous humor, a fluid essential for maintenance of intraocular pressure and nourishment of the avascular transparent tissues that comprise the anterior segment of the eye. Understanding the process of aqueous humor formation has been complicated by the unique anatomy of the epithelium. The two constituent layers, the inner aqueous-facing nonpigmented epithelium (NPE) and the outer serosal-facing pigmented epithelium (PE), originate from the neural crest during embryogenesis, then become apposed at their apices when the invagination of the optic vesicle occurs (1). The layers thereafter remain apposed to each other along their apical membranes, across which gap junctions are densely expressed to establish a heterocellular junctional path and a virtual syncytium (2) (3) (4) .
Signal transduction to regulate aqueous humor secretion probably involves multiple pathways (1, 5), possibly including spontaneous (6) and induced elevations in cytosolic calcium concentration ([Ca 2ϩ ] i ) (7) (8) (9) (10) . Furthermore, different [Ca 2ϩ ] i signaling patterns occur in the ciliary body in response to agents that also affect aqueous humor formation, like adrenergic and muscarinic agonists (11) (12) (13) (14) (15) (16) . Although the spatial organization of [Ca 2ϩ ] i waves in ciliary epithelium is not known, [Ca 2ϩ ] i waves regulate secretion in other epithelial cells (17) (18) (19) (20) (21) , and cell-to-cell spread of these waves via gap junctions may play a role in this regulation (20, 22) . To understand whether there is similar coordination of [Ca 2ϩ ] i signaling in the epithelial bilayer of the ciliary body, we observed patterns of induced [Ca 2ϩ ] i signaling in intact segments of the bilayer (23) using time-lapse confocal microscopy (24) .
MATERIALS AND METHODS

Animals and Materials.
Male albino New Zealand rabbits weighing 2-3 kg obtained from Millbrook Farms (Amherst, MA) were used for all experiments. Acetylcholine, phenylephrine, epinephrine, isoproterenol, prazosin, propranolol, yohimbine, octanol, 18␣-glycyrrhetinic acid (␣GA), lucifer yellow (LY), and Hanks' balanced salt solution were obtained from Sigma. Fluo-3 in acetoxy-methoxylated form and pluronic F-127 were obtained from Molecular Probes. Caged inositol 1,4,5-trisphosphate (IP 3 ) and the R p diastereomer of adenosine 3Ј,5Ј-cyclic monophosphothioate (R p -cAMP[S]), a protein kinase A inhibitor, were obtained from Calbiochem, and suramin was obtained from Biomol (Plymouth Meeting, PA). All other chemicals were of the highest quality commercially available.
Preparation of Isolated Ciliary Epithelium. Isolated ciliary bilayer epithelium were prepared as described previously (23, 25) with slight modification. Briefly, rabbits were anesthetized with an i.m. injection of ketamine hydrochloride and xylazine and then euthanized by i.v. injection of pentobarbital sodium and phenytoin sodium. The eyes were enucleated promptly and then the anterior segments were isolated after careful removal of the lens. From the isolated anterior segment of the eye, ciliary processes were separated from the iris and cut into 10-20 strips, each 2-3 mm in length. All procedures conformed with National Institutes of Health recommendations as developed by the Association for Research in Vision and Ophthalmology Resolution on the Use of Animals in Research. 2؉ ] i . Isolated ciliary epithelia were loaded with fluo-3/acetoxy-methoxylated (50 M) and pluronic F-127 for 1 hr at room temperature in Hanks' balanced salt solution containing 10% fetal calf serum. Specimens were then placed between two glass coverslips in a gravity-driven perifusion chamber on the stage of a Zeiss Axiovert microscope and perifused at a rate of 1-2 ml/min. The tissue was observed through a ϫ63 objective using a Bio-Rad MRC-600 laser scanning confocal imaging system. An argon laser was used to excite the dye at 488 nm and emission signals above 515 nm were collected. Optical sections 1-2 m in thickness were obtained. Neither autofluorescence nor other background signals were detectable at the machine settings used, and there was no change in size, shape, or location of cells during the experiments. In most experiments, two-dimensional images consisting of 768 ϫ 512 pixels (0.26 m/pixel) were recorded at a rate of 1 frame/s on an optical disc recorder and analyzed subsequently using the mean pixel values of preselected areas to monitor intensity changes. Increases in [Ca 2ϩ ] i were normalized by the initial fluorescence (F 0 ), then expressed as (F/F 0 ) ϫ 100% (24) . In selected experiments, tissues instead were examined using the line scanning mode of the confocal microscope to increase temporal resolution (to 10 ms or 100 ms). In this mode, fluorescence is determined at each point along a single line across the image rather than at each point across the entire image. Line scans were displayed as images consisting of 768 ϫ 512 pixels, with a spatial resolution of 0.26 m/pixel (in the x direction) and a temporal resolution of 10 ms/pixel or 100 ms/pixel (in the y direction). Velocities of [Ca 2ϩ ] i waves in individual cells were determined from the rate at which initial fluorescence increases moved along the scan line (21) .
Confocal Microscopic Measurements of [Ca
Microinjection Studies. In selected studies, LY or caged IP 3 were delivered into cells by microinjection and then the tissue was examined by confocal video microscopy as described above. Micropipettes with an internal diameter of Ͻ0.5 m were made from glass capillary tubes using a Narishige PD-5 micropipette puller. A series 5171 Eppendorf micromanipulator was used for positioning and an Eppendorf series 5242 microinjector was used for pressure microinjections (24) . Micropipettes were loaded with LY or caged IP 3 dissolved in an intracellular-like buffer (150 mM KCl plus 1 mM Hepes), and Texas red was coinjected with caged IP 3 as a marker of successful microinjection. We found that the mechanical stimulus of microinjections induced transient [Ca 2ϩ ] i signals in the bilayer, as has been described in other epithelia (24) , so caged IP 3 was released in cells by UV flash photolysis after injectioninduced [Ca 2ϩ ] i transients had subsided. For photolysis, a custom-built system was used that couples a 75-W mercury lamp to a 1-mm quartz fiberoptic cable through a Uniblitz shutter and an AZI filterwheel.
Experimental Design. Preparations of ciliary bilayer epithelia were stimulated with either the muscarinic agonist acetylcholine (10 M), the ␣ 1 -adrenergic agonist phenylephrine (100 M), the combined ␣-and ␤-agonist epinephrine (100 M), or the ␤-adrenergic agonist isoproterenol (100 M). Selected tissues were treated sequentially with the gap junction conductance inhibitors octanol or ␣GA, then epinephrine, in which case tissues were exposed to octanol (1 mM) for a total of 30 s immediately before stimulation with epinephrine or to ␣GA (100 M) for 2 min before and then during stimulation with epinephrine. Brief exposure to either octanol (26) 
RESULTS
Agonist-Induced [Ca 2؉ ] i Rises. Stimulation of isolated ciliary bilayer epithelium with agonists caused a rise in [Ca 2ϩ ] i as described previously (14, 15) . Epinephrine increased [Ca 2ϩ ] i in both epithelial layers (Fig. 1 A-G (Fig. 1I) . Furthermore, acetylcholine but not epinephrine increased [Ca 2ϩ ] i in isolated NPE monolayers (n ϭ 5 each, data not shown). These findings show that PE and NPE each independently has the capacity to increase [Ca 2ϩ ] i in response to an appropriate stimulus.
Pharmacology of the Adrenergic Response. Additional studies were performed to determine why the PE and NPE respond jointly to epinephrine. In five consecutive experiments, the ␤-adrenergic agonist isoproterenol alone had no significant effect on [Ca 2ϩ ] i in the epithelial bilayer (F max /F 0 ϭ 108.0 Ϯ 2.9% in the PE and 111.5 Ϯ 1.7% in the NPE; n ϭ 5 each), but ] i signals in the PE (F max /F 0 ϭ 199.1 Ϯ 15.6%; P Ͻ 0.01 relative to isoproterenol alone by paired t test) and then NPE (F max /F 0 ϭ 182.6 Ϯ 5.3%; P Ͻ 0.0005 relative to isoproterenol alone), similar to the pattern induced by epinephrine ( Fig. 2 A and B) . Similarly, the ␤-adrenergic antagonist propranolol ( Fig. 2 C  and D) blocked the epinephrine-induced [Ca 2ϩ ] i increase in the NPE (F max /F 0 ϭ 122.1 Ϯ 3.0% in the presence of propranolol and 236.3 Ϯ 14.9% with epinephrine alone; n ϭ 5, P Ͻ 0.005) but not the PE (221.5 Ϯ 18.9% and 245.3 Ϯ 15.6%, respectively). The ␣ 1 -adrenergic antagonist prazosin (Fig. 2 E  and F) blocked the epinephrine-induced [Ca 2ϩ ] i increase in both layers (F max /F 0 ϭ 217.7 Ϯ 17.9% vs. 113.4 Ϯ 3.6% in the PE without and with prazosin, respectively, and F max /F 0 ϭ 211.7 Ϯ 21.5% vs. 108.8 Ϯ 3.0% in the NPE without and with prazosin, respectively; n ϭ 5, P Ͻ 0.01), whereas the ␣ 2 -adrenergic antagonist yohimbine (Fig. 2 G and H) ] i rise then spread rapidly to the basal region (Fig. 3) . The speed of epinephrine- ] i signaling is coordinated across the bilayer, specimens were pretreated with octanol, ␣GA, or R p -cAMP [S] . In specimens pretreated with octanol ( Fig. 5 A  and B) , epinephrine-induced [Ca 2ϩ ] i signaling was unchanged in the PE (F max /F 0 ϭ 207.9 Ϯ 6.1% vs. 196.9 Ϯ 7.0% without and with octanol, respectively; n ϭ 8, P Ͼ 0.15) but was nearly abolished in the NPE (F max /F 0 ϭ 183.8 Ϯ 11.5% vs. 110.7 Ϯ 3.8% without and with octanol, respectively; P Ͻ 0.001). ] i signals in the PE depend only on activation of ␣ 1 -adrenergic receptors, but that spread of the signal to the NPE further depends on gap junction conductance and A kinase activation.
Regulation of Gap Junction Conductance. Microinjection studies were performed to directly investigate cell-to-cell transfer via gap junctions within the ciliary bilayer, and to determine the effects of octanol and isoproterenol on gap junction conductance in this cell system. LY was microinjected into a single cell within the bilayer and then spread of the dye to neighboring cells was monitored by confocal video microscopy (Fig. 6) . LY spread quickly to neighboring cells, achieving steady-state distribution of fluorescence within 15-30 s after injection (Fig. 6 A-C) . LY spread to 4.6 Ϯ 0.3 cells under control conditions (n ϭ 25; Fig. 6D ), confirming that epithelial cells within the ciliary bilayer are functionally coupled (29) . In contrast, the dye spread to only 1.2 Ϯ 0.2 cells in the presence of octanol (n ϭ 11; P Ͻ 0.005), confirming that octanol can be used to block gap junction conductance in this particular cell system. In addition, the dye spread to 6.9 Ϯ 1.1 cells in the presence of isoproterenol (n ϭ 12; P Ͻ 0.05), suggesting that ␤-adrenergic stimulation increases gap junction conductance in the bilayer. Finally, direct transmission of second messengers via gap junctions was investigated by UV flash photolysis of microinjected caged IP 3 . Photolysis of the caged IP 3 resulted in an increase in [Ca 2ϩ ] i in the injected cell plus its neighbors in three separate experiments (Fig. 6E) . This finding demonstrates that either [Ca 2ϩ ] i or IP 3 itself can spread from cell to cell via gap junctions in this cell system.
DISCUSSION
The spatial pattern of [Ca 2ϩ ] i signals, both within individual cells (19, 30, 31) and from cell to cell (22, 32, 33) , plays a role in the regulation of cell and tissue function. We examined the spatial organization of [Ca 2ϩ ] i signals in the secretory ciliary epithelial bilayer of the eye. The NPE and PE layers each exhibited the capacity to generate [Ca 2ϩ ] i signals through ] i in both cell layers, though. This increase reflects sequential [Ca 2ϩ ] i signaling, first in the PE, then in the adjacent NPE. Epinephrine-induced signaling in the PE resulted from ␣ 1 -adrenergic stimulation of those cells, whereas signaling in the NPE required not only ␣ 1 stimulation of the PE but ␤-adrenergic stimulation, presumably of the NPE. The spread of [Ca 2ϩ ] i signals to the NPE further depended on gap junctional communication between the two layers, plus A kinase activation through ␤-adrenergic stimulation. Thus, epinephrine-induced [Ca 2ϩ ] i signaling in the NPE appears to require a ''priming'' signal imparted through direct neuroendocrine stimulation of the NPE, followed by paracrine stimulation of these cells by the PE, via gap junctions. The priming signal is activation of A kinase, and this effect may act by increasing the sensitivity of NPE IP 3 receptors (34), or, more likely, by increasing the conductance of gap junctions (35, 36) that couple the NPE to the PE (37) . Direct evidence in support of the latter mechanism was provided by the observation that isoproterenol increases dye transfer in the bilayer (Fig. 6D) . Previous work in T84 colonic epithelia has also shown that cAMP can increase the conductance of gap junctions (38) . In the ciliary bilayer this increased conductance likely results from phosphorylation of connexin 43 (37), the principal connexin isoform of the gap junctions linking PE to NPE (39) .
Cell-to-cell spread of [Ca 2ϩ ] i signals has been examined in several epithelia, including hepatocytes (20, 27) , pancreatic acinar cells (22) , and respiratory epithelia (40, 41 (20, 27) . This coordinated response depends not only on gap junctions but on agonist-induced increases in basal levels of IP 3 in each of the cells (22, 27) . Communication via gap junctions potentiates cAMP signaling as well (43 We used two different agents, octanol and ␣GA, to block gap junction conductance. Long-chain alcohols block gap junctions as demonstrated by both cell-to-cell transfer of dyes (44) and direct electrophysiologic measurements (26, 45) . Although nonspecific inhibitory effects of octanol have been described (46), we have not observed such effects in epithelia transiently exposed to octanol (20, 47) , as done here. ␣GA is an alternative agent to block gap junctions, perhaps more specific than octanol (27) , and ␣GA also blocked epinephrineinduced [Ca 2ϩ ] i signaling in the NPE but not the PE.
What is the functional significance of coordinated PE-to-NPE [Ca 2ϩ ] i signaling in the eye? In single epithelial cells, polarized movement of [Ca 2ϩ ] i waves is thought to direct fluid and electrolyte secretion by sequential activation of apical, then basolateral chloride channels (17, 19) . Intercellular [Ca 2ϩ ] i signaling may also organize mechanical actions to facilitate secretion, such as ciliary beating in the lung (40) or canalicular peristalsis in the liver (32) . In the exocrine pancreas, intercellular [Ca 2ϩ ] i signals may serve to coordinate and thus decrease the threshold for secretion (22) . Secretion by the ciliary body may be more complex because it results from the action of two separate but communicating epithelia. The PE is responsible for extracting selected substances from the blood, whereas the NPE must then secrete these substances into the posterior chamber to form the aqueous humor (48) . Ca 2ϩ -sensitive transport mechanisms have been identified in both the PE (49) and NPE (50) . For example, Ca 2ϩ -activated potassium channels (51-53) may provide the electrical driving force known to be required for vectorial chloride secretion across the bilayer (51, 52) . The sequential PE-to-NPE [Ca 2ϩ ] i signaling demonstrated here also depends on ␤-adrenergic activation of A kinase, consistent with previous observations in both rabbit and humans that ␤-adrenergic stimulation modulates aqueous humor formation (1, 54). Thus, this paracrine regulation of [Ca 2ϩ ] i signaling may provide a mechanism whereby the PE can direct the NPE to complete the transport of aqueous humor constituents initiated by the PE. 
